The function of the sarcoplasmic reticulum of the failing myocardiums was studied in vitro by comparing calcium uptake and calcium-activated ATPase in microsomes prepared from hearts of control calves and calves in which right ventricular failure developed during experimentally induced pulmonary hypertension. The rate of calcium uptake averaged .147 /unole
at 25°C in the presence of oxalate in control preparations and was significantly reduced in preparations from failing right ventricles (avg .086 yumoles • rng" 1 • min -1 ). Calcium-activated ATPase was also diminished significantly in failure (avg .184 compared to .073 ^irnoles • mg- 1 • min-1 ). Although two preparations also showed diminished calcium activities in the nonfailing left ventricle, as a group these activities were not significantly depressed in preparations from this ventricle in calves with failure. A similar reduction in calcium activities was observed at 37°C with preparations further purified by sucrose gradient centrifugation. The uptake capacity of microsomes, measured as calcium uptake in the absence of oxalate, was not diminished in the preparations from the failing hearts. Mitochondrial contamination did not appear to be a factor since azide inhibited calcium activity almost completely in mitochondria, whereas inhibition was less than 10% in microsomes of both control and failing hearts. Ouabain had no effect on the microsomes from failing hearts. These studies indicate that there is a defect in calcium transport in microsomes and a functional abnormality of the sarcoplasmic reticulum in the intact myocardial cell in heart failure which could lead to changes in the excitation-contraction coupling mechanisms of clinical importance.
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• Considerable effort has been made to determine the biochemical abnormalities that might be responsible for heart failure. Although several such abnormalities have been demonstrated, none of these appear to be of sufficient functional magnitude to explain the diminished contractile activity characterizing the failing heart (1) (2) (3) (4) (5) . In these studies very little attention has been given to the activationrelaxation process and the role of the sarcoplasmic reticulum which is a major determinant of the intracellular calcium changes responsible for these cellular events. Gertz and associates have reported a depressed calcium pump of the sarcoplasmic reticulum in hearts in which reduced contractile function has developed in the course of heart-lung preparations (6) . However, the implications of these findings in the chronically failing heart in the 236 SUKO, VOGEL, CHIDSEY intact animal might be open to some question. Accordingly, we have studied calcium uptake and calcium-activated ATPase of the sarcoplasmic reticulum in the chronically overloaded heart whose myocardial function deteriorated progressively over a prolonged period (7) . This preparation also permitted us to examine these biochemical activities in a setting where there was no drug exposure which might have complicated our observations during the development of congestive heart failure.
Methods
Right ventricular heart failure was produced in calves by ligation of the right pulmonary artery 5 to 12 weeks after birth. The operation was performed through a right thoracotomy, under halothane and nitrous oxide anesthesia, and the branches to the upper, middle, and lower lobes were ligated individually as described earlier (7) . This procedure caused progressive pulmonary hypertension and right ventricular hypertrophy with the development of heart failure approximately 6 to 8 weeks after operation. The calves were considered to be in heart failure when persistent distention of the external jugular veins could be observed. All animals used for this study had been in heart failure for several days and demonstrated edema of the brisket area, ascites, and hydrothorax at the time they were killed. Before killing and without anesthesia, hemodynamic studies were done. Right ventricular enddiastolic pressure and mixed venous blood samples were obtained by catheterization of an external jugular vein, and aortic pressures and arterial blood samples were taken by transthoracic cannulation of the aorta.
Hearts of control and operated calves were removed after light anesthesia with sodium pentobarbital (20 mg/kg) and rinsed immediately in ice-cold .3M sucrose to remove blood from the surface and heart chambers and then cooled for 15 minutes in crushed ice. After removing the epicardial fat and the great blood vessels, the right and left ventricle were separated, weighed, cut into small pieces, and individually homogenized in 3 volumes of ice-cold .3M sucrose, 2 HIM ascorbic acid, and 20 HIM Tris-HCl at pH 7.2 for 30 seconds at maximum speed in a Virtis homogenizer. The homogenate was centrifuged at 1,000 X g (3000 rpm, SS-34 Sorval rotor) at 0°C for 20 minutes, and the precipitate was discarded. The supernatent was filtered through cheesecloth and centrifuged at 12,000 X g (10,-000 rpm, SS-34 Sorval rotor) at 0° C for 20 minutes. The mitochondria! pellet was resuspended in the homogenizat i on medium, recentrifuged, and finally resuspended in .3M sucrose containing 1 mM potassium oxalate, 5 mM Tris-histidine at pH 7.2. The supematent was again filtered through cheesecloth to remove floating fat layers, centrifuged at 40,000 X g (22,000 rpm A-147 International rotor) for 90 minutes, and the microsomal pellet was resuspended in the same medium as the mitochondria. Microsomes isolated from right and left ventricles of normal and failing hearts were centrifuged through discontinuous sucrose density gradients using 4 ml each of 45%, 352, and 2556 sucrose containing 2 mM Tris-HCl pH 7.0 and layered 1 hour before use. The microsomal resuspension (1 to 1.5 ml) containing about 15 mg protein were added on top of the gradient and centrifuged 2 hours at 35,000 rpm in a SB-269 International rotor. Two layers were obtained at the interface between each sucrose concentration. The centrifuge tubes were punctured with a needle and the layers isolated with a fraction collector. All of these procedures were carried out in a cold room at 4°C
. The calcium uptake and calcium ATPase was recovered with highest specific activity between 25% and 35% sucrose. There was lesser activity between 35% and 45%, and none in the top layer above 25% sucrose.
Mitochondria and crude microsomes were diluted to a protein concentration of 5 mg/ml and stored in small portions in a freezer at -20° C within 1 hour after the resuspension. The yield of microsomes from the control hearts was the same in the right and left ventricle and averaged .70 ± .03 mg/ g, and a similar yield was obtained from the failing right ventricle, .82 ± .08 mg/g. The mitochondrial fraction was also comparable from the control ventricles and the failing right ventricles, averaging, 1.60 ±.10 and 1.50 ± .08 mg/g, respectively. Determination of the calcium content of these fractions (Table 1) demonstrated that the only notable finding was a significant increase in microsomal calcium in the failing right ventricle (P<.01). Microsomes which were obtained from gradients were not diluted, but were stored frozen in sucrose. The initial measurements of calcium uptake and ATPase activity were performed within 1 hour after resuspension using unfrozen material. When microsomes of either control or failing ventricles were kept for several hours on crushed ice, a significant decrease in calcium uptake could be observed. However, storage at -20° C preserved the activity of these microsomes at the same level of activity as the initial measurements for at least 24 hours. Therefore, all determinations of calcium uptake and ATPase activity in microsomes isolated from failing ventricles were done within 24 hours after preparation. Microsomes isolated Values are means =* =SB; C = control; F = cardiac failure, N = number of preparations.
•Values differ from control, P < .01. from control hearts were studied up to 48 hours after preparation and in only 3 of 16 preparations was a decrease in calcium uptake (10 to 15%) observed on the second day. All studies of mitochondrial calcium uptake and ATPase activity were performed with mitochondria stored in crushed ice 8 to 12 hours after resuspension.
Calcium uptake of mitochondria and microsomes was measured with 4 nCa by using Millipore filters (8). Incubations were carried out at 25° C and also at 37° C with crude microsomal preparations. Calcium uptake was measured in a medium containing 100 ITIM KC1, 5 mM MgCl 2 , 5 mM Na 2 -ATP, 5 mM Na 2 -oxalate, .1 mM CaCl 2 and .05 /ic/ml <5 Ca, 10 mM Tris-histidine at pH 7.0 in a final volume of 5 ml. The reaction was started by adding protein (microsomes .08 to .1 mg/ml; mitochondria .2 mg/ml) and aliquots were filtered through a Millipore filter of .45/JL pore size. Starting the reaction by adding Ca, Mg, and ATP gave the same results. When the effect of ouabain was studied on calcium uptake, microsomes were previously incubated for 10 minutes at 25° C in KC1, Na 2 -or K 2 -oxalate, Trishistidine, and ouabain with the latter in concentrations of 10~* to 10~7M and the reaction was started by adding Ca, Mg, and ATP (Na 2 -or Tris-ATP). No difference in uptake was found when sodium was omitted from the incubation medium. Calcium uptake in the absence of ATP was insignificant in comparison to the values obtained in its presence, and no correction was made for this factor. Total ATPase activity of microsomes was determined simultaneously with calcium uptake by measuring the rate of inorganic phosphate liberated in an aliquot of protein-free filtrate (9). The basic ATPase activity was measured in the absence of calcium in the incubation medium and the calcium-activated ATPase activity (extra ATPase) was calculated by subtracting the basic from the total ATPase activity. Calcium uptake in the absence of oxalate was measured in microsomes in a medium containing 100 mM KC1, 5 mM MgCL, 5 mM Na 2 -ATP, .03 mM CaCL, and .05 / x c/ml * BCa, 10 mM Tris-histidine, and .3 mg/ml of protein at pH 7.0. Samples were filtered through a Millipore filter at 15 seconds, 1, 3, 5, and 10 minutes. In this system, calcium uptake in the absence of ATP (calcium exchange) was approximately 20% of calcium uptake in the presence of ATP and reported data represent uncorrected values. In the experiments with inhibitors, the fraction protein was previously incubated for 10 minutes at 0°C alone with either 5 mM Na-azide or .2 mM 2,4-dinitrophenol, and the incubation was carried out in the standard medium plus these concentrations of inhibitor.
Protein concentrations were determined by bovine serum albumen standards (10). Mitochondrial enzyme activity was determined assaying both succinic dehydrogenase (11) and .376 .
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Incubations for calcium uptake were carried out in polypropylene tubes or in plastic syringes washed with 1M HC1 and rinsed thoroughly in deionized water. Also, all glassware and equipment used during preparations of the fractions was treated in the same way. With these procedures the calcium contamination of the incubation medium was less than LCH^F. Since this contamination was never more than 3% of the calcium concentration of the incubation medium, calcium uptake values were not corrected for this factor.
Na o -ATP (equine muscle) and sucrose was purchased from Sigma Chemical Company; Tris-ATP was prepared on Dowex 50 (H+) columns; ouabain was obtained from Nutritional Biochemical Company; sodium azide from Fisher Scientific Company; and 2,4-dinitrophenol from E. H. Sargent & Company. All other chemicals were of reagent grade from Baker Chemical Company.
Results
Hemodynamic studies performed on the operated calves clearly indicated that heart failure was present in these animals ( Table  2 ). There was an elevation of right ventricular end-diastolic pressure, 24.0 ± 2.1 mm Hg, and widening of the arteriovenous oxygen difference, 8.94 ± .36 ml/100 ml. In addition, hypertrophy of the right ventricle, averaging approximately $1%, was estimated from the ratio of right ventricle to both ventricles.
The optimum conditions of incubation for calcium uptake in the presence of oxalate were determined in microsomal preparations from both control and failing hearts. Calcium uptake and extra ATPase were found to be equal at calcium concentrations of 3 X 10~B and IO^M and the higher value was generally used for uptake studies. Uptake was not changed by increasing ATP between 3 and 10 mM in preparations from failing hearts, but was dependent on ATP concentration below 3 mM in control preparations (Fig. 1) . The effect of increasing Mg above 5 mM on calcium uptake was found to be insignificant (Fig. IB) . The effect of changing sodium or potassium concentration between 80 and 150 mM was minimal and either alone was sufficient for maximal activity (Fig. 1C) . The pH optimum was 7.0 and activity declined sharply as pH deviated from this value (Fig.  2) . The calcium uptake and extra ATPase activities of both control microsomes and those from failing hearts under standard incubation conditions were linear until the calcium concentration in the medium was reduced to less than IO^M (Fig. 3) .
With these conditions of incubation which were shown to be optimal, rates of calcium uptake with oxalate in crude microsomes were Mitochondria ventricle = .00S (6) .013 ± .007 (6) .
Rale of Calcium Uptake and Rale of ATP Hydrolysis of Microsomes Isolated from Right and Left Ventricles of Contro and Failing Hearts

±•• .00S (8) .019 * .009 (8)
.011 J= .003 (7) Left ventricle .215 ± .021 ±. .014 ± .152 = .006 ± .004 ± Incubations were carried out at 25° C, pH 7.0 in 10 mM Tris-histidine, 100 mM KC1, 5 mu MgCli, 5 mM Nar-ATP, 5 mM Naj-oxalate, .1 mM "CaClj with or without addition of 5 mM sodium azide or .2 mM 2,4-dinitrophenol. Resuspended microsomes or mitochondria containing 5 mg/ml were previously incubated with either substances at O° C for 10 minutes in concentrations present in the medium before starting the reaction. Final protein concentration in the medium: microsomes, .08 to .1 mg/ml; mitochondria, .18 to .2 mg/ml. Value3 are means ± SE and are expressed as /imole • nig" 1 • 5 min. Numbers of experiments are given in parentheses.
most depressed by and large. At 37°C calcium uptake was increased about threefold compared to 25°C in preparations from both control and failing hearts. A similar reduction in calcium uptake was observed at the higher temperature with the failing right ventricle averaging .224 compared to a contral value of .387 /xmole • mg-1 • min-1 (P < .01). Calcium uptake in mitochondria incubated under the same condition was much lower than in microsomes (Fig. 4) . Furthermore, mitochondrial uptake was nonlinear and did not reach a maximum within the 10 minutes of incubation. The effect of inhibitors of mitochondrial metabolism, azide and 2,4-dinitrophenol, was examined in both mitochondrial and microsomal preparations ( Table 4) . The inhibition of calcium uptake by azide was marked in mitochondria, averaging approximately 90%. A similar degree of inhibition was observed with 2,4-dinitrophenol. However, reduction of calcium uptake in microsomes by these mitochondrial inhibitors was less than 10$ in either right or left ventricle of both normal and failing hearts. Thus, the data suggest that mitochondria do not contribute importantly to calcium uptake in these microsomal fractions.
The extent of mitochondrial contamination in these microsomal fractions was also examCircuUtton Resurcb, Vol. XXVII, Augut 1970 ined assessing mitochondrial enzyme activities ( Table 5 ). The specific activities of both succinic dehydrogenase and fumarase were equivalent in mitochondria of control and failing hearts. Mitochondrial oxidative enzyme activities in the crude microsomal fraction was expressed as an activity relative to the specific activity determined in the mitochondrial fraction. Succinic dehydrogenase was found to be the same in control and failure preparations, averaging 19.4 and 19.6%, respectively. However, fumarase relative activity was significantly higher in the preparations derived from both failing ventricles, averaging 16.9 and 17.3$, respectively, compared to a control value of 10.2%.
Purification of the microsomal fraction by discontinuous sucrose gradients produced increased activities of calcium uptake and APTase (Table 6 ). The rate of calcium uptake in seven right and six left ventricular preparations isolated between 25$ and 35$ sucrose averaged .184 and .177 /xmole • mg- 1 • miir 1 . The rate of ATP hydrolysis by the calciumactivated ATPase averaged .253 and .244 fimoile • mg" 1 • min" 1 in these preparations. Thus, the gradient did not have a great effect on increasing specific activity of the enzyme system. Calcium uptake increased only 31$ and ATPase only 39$ in 13 control prepara- tions in which observations were made on the microsomal fraction before and after gradient preparation. However, this purification was greater than would have been expected on the basis of reduction of contaminating mitochondrial enzyme activities ( . The increase in calcium uptake as well as ATPase activity is larger than observed in the control preparations. However, a significant reduction in calcium uptake and ATPase activity was demonstrated in these fractions and this averaged 28% and 44%, respectively, below the control (P < .01). The basic ATPase was diminished in failing right ventricles, averaging 1.12 ± .11 compared to 1.58 ± .21 in control preparations, but this reduction was not significant. Data obtained with gradient microsomes of left ventricles from failing hearts were slightly reduced compared to controls, but the difference was not significant. The ratio of calcium uptake to extra ATPase activity, obtained by dividing the rate of calcium uptake by the rate of ATP hydrolysis, averaged .70 and .75 in gradient preparations derived from right and left control ventricles. This ratio was increased in preparations from the right and left ventricle of failing hearts to .95 and .96.
Calcium uptake in the absence of oxalate was substantially less than when oxalate was present in the medium (Fig. 5) . In addition, it was not possible to define a linear rate of calcium uptake under the conditions used for measurement. A rapid rate occurred at the earliest sampling times and this declined progressively thereafter. There was no plateau of calcium uptake and the later slow rate was notably greater in the preparations from failing hearts. Addition of azide in several of these preparations (both control and those from failing hearts) totally inhibited the later slow uptake phase occurring after 1 minute. This observation indicates that the progressive Incubations wero carried out under conditions described in Figure 3 . Protein concentrations in control and cardiac failure .078 to .083 mg/ml.
•Mean value was significantly different from control, P < .01. accumulation of calcium may be due to mitochondrial contamination. Therefore, the calcium uptake at 1 minute was a rough index of microsomal uptake. This was not significantly different in control and failing preparations, averaging 12.1 ± 1.7 and 14.1 ±1.7 /xmole/mg.
S Rate of Calcium Uptake and Raie of A TP Hydrolysis of Sucrose Gradient Microsomes Isolated from Right and Left VenLridtm of Control and Failing Hearts
The effect of ouabain on calcium uptake in the presence of oxalate was studied in vitro in four heart failure preparations over a range from 10-7 to IO^M at 25°C. There was no increase in calcium uptake observed at any of these concentrations of glycoside.
Discussion
The diminished calcium uptake and calciumactivated ATPase activity observed in microsomal preparations derived from failing hearts strongly suggest that there is an alteration of the function of the sarcoplasmic reticulum in chronic heart failure. The abnormal activity of microsomes from failing hearts was observed consistently only in preparations from the failing right ventricle. However, reduced activity of two left ventricular microsomal preparations, derived from animals with the lowest right ventricular activity, suggests the possibility that a generalized biochemical abnormality involving the entire heart might develop under certain circumstances. A reversal of the calcium uptake was not observed in vitro with ouabain in contrast to its earlier reported effect (6) .
Comparing microsomal activities of control and failing hearts raises the question whether an artifact has been introduced which might have caused a decreased calcium uptake and ATPase activity in failing hearts. Both calcium uptake in the presence of oxalate and calciumactivated ATPase were measured under optimal conditions which were the same in both control preparations and those from failing hearts. The calcium uptake in the presence of oxalate of crude cardiac microsomes isolated from control calves is much higher than found by other investigators (14, 15) . This may be due to the fact that previous observations were made using calf hearts obtained from a slaughter house, and we have found that such hearts have markedly reduced activity under the conditions of our incubation. The decrease in microsomal activity seems not to be due to a reduction occurring during handling or storage. Incubations with microsomes were done either within 1 hour after resuspension or later only with material stored at -20°C. These procedures stabilized microsomal activity very well over approximately 24 hours. Furthermore, in more recent studies we have found a similar reduction of calcium uptake in failing rabbit hearts within 15 minutes after preparation of the microsomal fraction (unpublished observations). Therefore, it seems unlikely that a deterioration of sarcoplasmic reticular function of failing hearts during storage is responsible for the decreased activity observed in cardiac failure.
Microsomal fractions isolated by differential centrifugation are impure preparations and especially contaminated with mitochondria. A greater contamination of the fraction with nonmicrosomal protein in preparations from failing hearts could lead to a reduction of the measured rate of calcium uptake and ATPase activity. However, the total yield of protein in the microsomal protein was the same in the control and failing hearts so there is no reason to suspect increased contamination of nonspecific protein in the failing heart. Greater mitochondrial contamination could have occurred, but there was no evidence that such an increase in contamination was present. Thus, the activity of succinic dehydrogenase, a membrane-bound mitochondrial enzyme, (16, 17) was identical in both microsomal preparations indicating that total contamination of mitochondrial protein was not different in these two preparations. The increased activity of fumarase which was observed in microsomes from failing hearts suggest that there may have been a greater contamination of this fraction by intact mitochondria, since this is a soluble enzyme and its activity would require the presence of intact mitochondria (18) . However, the contribution of mitochondria to microsomal calcium uptake in the presence of oxalate was not increased when we examined this using azide inhibition. On the other hand, microsomal calcium uptake in the absence of oxalate appears to be very significantly affected by the mitochondrial contamination. Thus, a marked reduction of the later slow phase of calcium uptake was observed with azide. Also, this latter phase of uptake was greater in the microsomal preparation from fairing hearts. This finding would appear to result from the fact that the amount of calcium uptake of microsomes is dependent on the presence of oxalate whereas it is clear from our data that the slower mitochondrial calcium uptake is independent of the presence of oxalate. The failure to detect a reduction of calcium uptake in the microsomal preparations from failing hearts in the absence of oxalate, when this abnormality is so striking in its presence, is not clear. However, we were not measuring rates of uptake in the absence of oxalate, but rather the capacity of calcium uptake. Also, with this method it is not possible to define exactly the extent to which the estimate of uptake is affected by calcium exchange with the endogenous calcium of the medium. This may be important since we Otcdui™ Riiwcb, Vol. XXVII, Angus) 1970 measured a higher calcium content of microsomes in preparations from failing hearts. Since we were not able to study the rapid phase of calcium uptake in the absence of oxalate (19) , it seems unwarranted to make any interpretations about this aspect of microsomal calcium activity. A recent report (20) suggests that calcium binding in the absence of oxalate may be defective in preparations derived from the hearts of recipients of cardiac transplant. However, appropriate control values were not presented and the function of the hearts which were studied undoubtedly manifested the influence of preterminally administered drugs.
The process of calcium uptake by the sarcoplasmic reticulum may involve either active transport of cation across the vesicular membrane associated with the stochiometric hydrolysis of ATP (21), or fast-phase membrane binding followed by transport with a more complex involvement of ATP (22) . Studying uptake in the presence of oxalate provides the advantage that the active transport across the vesicular membrane is measured, because calcium is precipitated in the interior of the vesicles under these circumstances and its correlation to ATP hydrolysis can be followed more easily. We have found a stochiometric relationship between calcium transport and ATP hydrolysis of .741 in control microsomal preparations, a value which agrees well with previously reported figures for cardiac muscle (22) . However, this ratio of calcium transport to ATP hydrolysis was increased significantly to .946 in preparations from failing hearts. At the present time, any inference that this altered stochiometry in heart failure has any functional importance may not be warranted.
If the reduced function of the sarcoplasmic reticulum in failing hearts observed in vitro reflects a biochemical lesion in vivo, it might have important implications on the cellular mechanisms involved in the contraction-relaxation cycle. A reduced rate of calcium uptake by these structures could affect relaxation in failing hearts. Assuming that free intracellular calcium is not adequately reduced, either a delayed or incomplete relaxation of the muscle would occur. This might be manifest by an alteration of the mechanical properties of the heart. However, as yet no clear evidence of either retarded relaxation or increased diastolic compliance has been demonstrated (23, 24) . In this regard, a reduction of sarcoplasmic reticular calcium uptake has been reported in myotonia (25) and in a single patient with unexplained muscle contractures (26) .
It is also possible that, if the sarcoplasmic reticular uptake process is defective, calcium could be made more available for other transport mechanisms involved in the calcium metabolism of the muscle cell. An increased outward movement of calcium across the plasma membrane, not compensated by an increased influx, would lead to a loss of this intracellular cation and depletion of activator substance. However, studies performed in this laboratory with failing rabbit hearts have not shown any reduction in intracellular calcium (27) . Alternatively, calcium could be available to other binding sites during relaxation. It has been suggested that in cardiac muscle mitochondria are involved in the contractionrelaxation cycle (28, 29) . However, the rate of calcium accumulation by mitochondria is much slower and in-vitro studies on exchange of labeled calcium suggest a much lower turnover rate in mitochondria compared to microsomes (30) . Thus, the calcium may not be as available for release in mitochondria and accumulation might occur with an abnormal distribution of intracellular calcium. Although no change in mitochondrial calcium was seen in this study, these fractions were all washed and calcium may have been lost in this process. In a more recent study in our laboratory it appears that increased calcium may be present in mitochondria when these are prepared by alternate techniques (27) .
Finally, we must consider the abnormality of microsomal function which we have described in these studies in relation to other biochemical changes reported previously in heart failure. The abnormality of myosin ATPase, which has now been clearly established (1-3), is difficult to interpret since the functional activity of this protein involves interaction with actin, and this dimension is not directly evaluated by measurement of myosin ATPase. On the other hand, the abnormality of adrenergic mechanisms which has been found to involve nerves (4) and adenyl cyclase (5) cannot be considered as intrinsic to muscle function since adrenergic influences serve to modify but not initiate myocardial contraction. However, an abnormality of the sarcoplasmic reticulum would be intimately related to the contraction process since these membranes are responsible for the relaxation of muscle and may provide the intracellular store from which activator is released to initiate contraction. Further studies will be required to determine the biological importance of our present findings in the intact myocardial cell.
